INTRODUCTION
============

Maternal infection is an important factor causing neonatal brain injury and later developmental disability ([@b1-jer-11-6-296]). Maternal immune response following infection is deleterious to the development of fetus ([@b22-jer-11-6-296]), and excessive maternal secretion of cytokines induces fetal inflammatory response syndrome ([@b2-jer-11-6-296]). Administration of lipopolysaccharide (LPS) to the pregnant rodents elevated proinflammatory cytokines and caused white matter damage of the developing fetal brain ([@b5-jer-11-6-296]; [@b11-jer-11-6-296]).

As the hippocampus is the core center for learning and memory, adult hippocampal neurogenesis is closely associated with hippocampus-dependent learning ability and memory function ([@b15-jer-11-6-296]). Physical exercise is known to enhance cell proliferation and/or neurogeneis in the hippocampal dentate gyrus ([@b13-jer-11-6-296]; [@b26-jer-11-6-296]). Several studies have reported that exercise improves cognition, memory capability, and learning ability in rats ([@b7-jer-11-6-296]; [@b21-jer-11-6-296]). Voluntary exercise following traumatic brain injury facilitates the recovery of cognitive function ([@b7-jer-11-6-296]; [@b24-jer-11-6-296]).

Brain-derived neurotrophic factor (BDNF) has been intensively studied and shown to be involved in learning ability, memory function, and synaptic plasticity ([@b20-jer-11-6-296]). BDNF has been implicated in the brain plasticity induced by exercise ([@b3-jer-11-6-296]). In response to BDNF signaling, its specific high-affinity receptor tyrosine kinase receptor B (TrkB) has an enhancing effect on nerve transmission ([@b10-jer-11-6-296]). The expression of TrkB mRNA has been used as an effective marker for elevated synaptic transmission related to learning and memory ([@b23-jer-11-6-296]).

In the present study, we investigated the effects of treadmill exercise intensity on short-term memory, hippocampal neurogenesis, BDNF and TrkB expression in the rats born of LPS-exposed maternal rats. For this study, step-down avoidance task, 5-bromo-2′-deoxyuridine (BrdU) immunohistochemistry, and western blot analysis for BDNF and TrkB were performed.

MATERIALS AND METHODS
=====================

Animals and treatments
----------------------

This study was performed in accordance with the guidelines of the National Institutes of Health and the Korean Academy of Medical Sciences. Female Sprague-Dawley rats (180±10 g, 8 weeks old, n=20) were allowed to mate with male rats for 24 hr. The female rats were then individually housed in plastic home cages under the controlled temperature (20ºC±2ºC) and a light--dark cycle consisting of 12 hr of light and 12 hr of darkness (lights on from 7:00 a.m. to 7:00 p.m.). Food and water were made available *ad libitum*.

The pregnant rats were divided into two groups: the control group and the LPS-exposed group (n=4 in each group). On the 15th, 17th, and 20th day of pregnancy, the pregnant rats in the LPS-exposed group received 1 mL intracervical injections of 0.15 mg/kg LPS (from *Escherichia coli*, serotype 055:B5, Sigma Chemical Co., St. Louis, MO, USA) suspended in pyrogen-free saline (PFS), and the pregnant rats in the control group were treated with PFS.

After birth, the rat pups were divided into six groups: the control group, the mild-intensity exercise group, the moderate-intensity exercise group, the maternal LPS-exposed group, the maternal LPS-exposed and mild-intensity exercise group, and the maternal LPS-exposed and moderate-intensity exercise group (n=6 in each group).

The rat pups were given intraperitoneal injections of the 50 mg/kg BrdU (Sigma Chemical Co.) dissolved in 0.9% saline, on the exercise day 3, 4, 5 for neurogenesis, and exercise day 18, 19, 20 for cell proliferation.

Exercise protocol
-----------------

Five weeks after birth, the rats in the exercise groups were forced to run on a motorized treadmill for 30 min 5 times a week for 4 weeks. The exercise load consisted of running at the speed of 8 m/min for the mild-intensity exercise groups and 14 m/min for moderate-intensity exercise groups, at 0º inclination.

Step-down avoidance task
------------------------

In order to evaluate the short-term memory of the rats, the latency of the step-down avoidance task was conducted as the described previously method ([@b14-jer-11-6-296]; [@b18-jer-11-6-296]). The rats were trained in a step-down avoidance task. The rats were positioned on a 7×25-cm platform with a height of 2.5 cm, and then allowed to rest on the platform for 1 min. The platform faced a 42×25-cm grid of parallel 0.1-cm-caliber stainless steel bars, which were spaced 1 cm apart. In the training sessions, the animals received a 0.5-mA scramble foot shock for 2 sec immediately upon stepping down. Retention time was assessed on 48 hr after. The interval of rats stepping down and placing all four paws on the grid was defined as the latency of the step-down avoidance task. Any latency over 300 sec was counted as 300 sec.

Tissue preparation
------------------

The animals were sacrificed immediately after the completion of the step-down avoidance task. The rats were weighed and given an overdose of Zoletil 50 (10 mg/kg intraperitoneally; Vibac Laboratories, Carros, France). After a complete lack of response was observed, the rats were transcardially perfused with 50 mM phosphate-buffered saline (PBS) and subsequently fixed with freshly prepared 100 mM phosphate buffer (PB, pH 7.4) containing 4% paraformaldehyde. The brains were removed and fixed in the same fixative overnight and then transferred to a 30% sucrose solution for cryoprotection. Serial coronal sections of 40-μm thickness were obtained using a freezing microtome (Leica, Nussloch, Germany).

BrdU immunohistochemistry
-------------------------

In order to detect newly generated cells in the hippocampus, BrdU incorporation, which is generally utilized as an indicator for DNA synthesis, was visualized according to a previously described method ([@b14-jer-11-6-296]; [@b24-jer-11-6-296]). In brief, the sections were initially permeabilized by incubation in 0.5% Triton X-100 in PBS for 20 min, then pretreated with 50% formamide-2×standard saline citrate at 65ºC for 2 hr, denaturated in 2 N HCl at 37ºC for 30 min, and rinsed twice in 100 mM sodium borate (pH 8.5). Afterwards, the sections were incubated overnight at 4ºC with BrdU-specific mouse monoclonal antibody (1:600; Roche, Mannheim, Germany). The sections were then washed 3 times with PBS and incubated for 1 hr with a biotinylated mouse secondary antibody (1:200; Vector Laboratories, Burlingame, CA, USA). The sections were then incubated for another 1 hr with avidin-peroxidase complex (1:100; Vector Laboratories). For visualization, the sections were incubated in 50 mM Tris-HCl (pH 7.6) containing 0.03% H~2~O~2~, 0.02% 3,3′-diaminobenzidine (DAB) and 40 mg/mL nickel chloride (nickel-DAB) for 5 min.

After BrdU-specific staining, we performed counter-staining on the same sections using a mouse anti-neuronal nuclei (NeuN) antibody (1:300; Chemicon International, Temecula, CA, USA). The sections were then washed 3 times with PBS, incubated for 1 hr with a biotinylated antimouse secondary antibody, and processed with the VECTASTAIN ABC Kit (1:100; Vector Laboratories). For staining, the sections were allowed to react with 0.02% DAB and 0.03% H~2~O~2~ in 50 mM Tris--HCl (pH 7.6) for 5 min and the sections were finally mounted onto gelatin-coated slides. The slides were air-dried overnight at room temperature, and the coverslips were mounted with Permount (Fisher Scientific, Fair Lawn, NJ, USA).

Western blot analysis
---------------------

Western blot for BDNF and TrkB was performed according to a previously described method ([@b9-jer-11-6-296]; [@b12-jer-11-6-296]). Protein extracts from brain tissue were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Protein separation was performed using a 10% polyacrylamide with 0.05% bis-acrylamide according to published procedures. Proteins were then transferred to nitrocellulose and the blots were probed with anti-BDNF (1:1,000; Santa Cruz Biotechnology, Santa Cruz, CA, USA) and anti-TrkB (1:1,000; Santa Cruz Biotechnology). Peroxidase anti-rabbit IgG (1:2,000; Vector Laboratories) was used as a secondary antibody. Immunoreactivity was detected by enhanced chemiluminescence (Santa Cruz Biotechnology). Film autoradiograms were exposed from 5 to 15 min.

Data analysis
-------------

Statistically significant differences were determined by one-way analysis of variance followed by Duncan *post hoc* analysis. The results were expressed as the mean±standard error of the mean. Differences were considered significant at *P*\<0.05.

RESULTS
=======

Effect of treadmill exercise on the short-term memory
-----------------------------------------------------

Latency in the step-down avoidance task was decreased in the rats born of the LPS-exposed maternal rats. Treadmill exercise at mild-intensity and moderate-intensity increased latency in the step-down avoidance task in the rats born of the LPS-exposed maternal rats. Treadmill exercise exerted no significant effect on the latency in the rats born of the normal maternal rats ([Fig. 1](#f1-jer-11-6-296){ref-type="fig"}).

Effect of treadmill exercise on the cell proliferation and cell survival in the hippocampal dentate gyrus
---------------------------------------------------------------------------------------------------------

[Fig. 2](#f2-jer-11-6-296){ref-type="fig"} shows BrdU-positive cells in the subgranular layer (A) and in the granular cell layer (B) of the hippocampal dentate gyrus. BrdU-positive cells in the subgranular layer of the hippocampal dentate gyrus represent cell proliferation. BrdU-positive and NeuN-positive cells in the granular cell layer of the hippocampal dentate gyrus represent neurogenesis.

Cell proliferation in the subgranular zone of the hippocampal dentate gyrus was decreased in the rats born of the LPS-exposed maternal rats. Treadmill exercise at mild-intensity and moderate-intensity enhanced cell proliferation in the subgranular zone of the hippocampal dentate gyrus in the rats born of the LPS-exposed maternal rats. Treadmill exercise at moderate-intensity enhanced cell proliferation in the subgranular zone of the hippocampal dentate gyrus in the rats born of the normal maternal rats ([Fig. 3](#f3-jer-11-6-296){ref-type="fig"}).

Neurogenesis in the granular cell layer of the hippocampal dentate gyrus was decreased in the rats born of the LPS-exposed maternal rats. Treadmill exercise at mild-intensity and moderate-intensity enhanced neurogenesis in the granular cell layer of the hippocampal dentate gyrus in the rats born of the LPS-exposed maternal rats. Treadmill exercise at mild-intensity and moderate-intensity enhanced neurogenesis in the granular cell layer of the hippocampal dentate gyrus in the rats born of the normal maternal rats ([Fig. 4](#f4-jer-11-6-296){ref-type="fig"}).

Effect of treadmill exercise on the expressions of BDNF and TrkB in the hippocampus
-----------------------------------------------------------------------------------

BDNF expression in the hippocampus was decreased in the rats born of the LPS-exposed maternal rats. Treadmill exercise at mild-intensity increased BDNF expression in the rats born of the LPS-exposed maternal rats. Treadmill exercise at mild-intensity suppressed BDNF expression in the rats born of the normal maternal rats, in contrast, treadmill exercise at moderate-intensity enhanced BDNF expression in the rats born of the normal maternal rats ([Fig. 5](#f5-jer-11-6-296){ref-type="fig"}).

TrkB expression in the hippocampus was decreased in the rats born of the LPS-exposed maternal rats. Treadmill exercise at mild-intensity and moderate-intensity increased TrkB expression in the rats born of the LPS-exposed maternal rats. Treadmill exercise at mild-intensity and moderate-intensity enhanced TrkB expression in the rats born of the normal maternal rats ([Fig. 6](#f6-jer-11-6-296){ref-type="fig"}).

DISCUSSION
==========

In animal studies, exercise increases neuronal activity in the brain ([@b12-jer-11-6-296]), and exercise might act as a gate that primes the brain to respond to environmental stimulation, while simultaneously increasing the ability of neurons to resist insult ([@b3-jer-11-6-296]). The present results demonstrated that treadmill exercise in both mild- and moderate-intensity enhanced short-term memory in the rats born of the LPS-exposed maternal rats.

The hippocampus is a brain region that retains the ability to produce new neurons in adulthood ([@b19-jer-11-6-296]). Progenitor cells reside in the subgranular zone of the dentate gyrus and newly produced daughter cells can migrate into the granule cell layer and make appropriate connections with CA3 pyramidal cells ([@b28-jer-11-6-296]). Adult neurogenesis is composed of at least two components: cell proliferation and cell survival ([@b19-jer-11-6-296]). Cell proliferation refers to the production of new cells, whereas cell survival refers to the number of new cells that survive to maturity. Factors affecting cell proliferation may modulate mitosis of progenitor cells ([@b17-jer-11-6-296]) and factors affecting cell survival may influence differentiation and maturation of cells into mature neurons ([@b17-jer-11-6-296]). The number of new neurons is increased by enhancing cell proliferation and by enhancing survival of new neurons. Therefore, it is important to understand how both the proliferation and the survival of new neurons are regulated. In the adult rodents, it is well documented that exercise enhances cell proliferation and/or neurogenesis in the hippocampus ([@b13-jer-11-6-296]; [@b26-jer-11-6-296]). Exercise-induced hippocampal neurogenesis has been suggested to enhance learning ability and memory capability ([@b24-jer-11-6-296]; [@b25-jer-11-6-296]).

Cell proliferation and cell survival in the hippocampus were examined separately in this study. The rats born of the LPS-exposed maternal rats showed lower level of cell proliferation in the subgranular zone compared with the normal rats. However, treadmill exercise increased cell proliferation in the subgranular zone of hippocampal dentate gyrus. Furthermore the rats born of the LPS-exposed maternal rats showed fewer surviving new neurons in the granule cell layer compared with the normal rats. However, treadmill exercise also increased neurogenesis in the granule cell layer of hippocampal dentate gyrus. Our present results showed that treadmill exercise in both mild-intensity and moderate-intensity increased cell proliferation and neurogenesis in the hippocampus of rats born of the LPS-exposed maternal rats.

Hippocampal BDNF is known to be increased during learning tasks ([@b8-jer-11-6-296]; [@b16-jer-11-6-296]). BDNF expression induced by exercise increases neurogenesis and enhances long-term potentiation of the hippocampus ([@b6-jer-11-6-296]). Hippocampal BDNF mediates the ability of exercise to enhance learning and memory ([@b9-jer-11-6-296]; [@b27-jer-11-6-296]). In the present results, BDNF and TrkB expression in the hippocampus was decreased in the rats born of the LPS-exposed maternal rats, however, moderate-intensity treadmill exercise increased BDNF and TrkB expression in the rats born of the LPS-exposed maternal rats.

In the present study, treadmill exercise improved short-term memory deteriorated by maternal LPS exposure. The improving effect of treadmill exercise can be ascribed to the enhancing effect of treadmill exercise on cell proliferation and neurogenesis. These effects of treadmill exercise were similarly appeared at mild-intensity and moderate-intensity. The present study suggests the possibility that treadmill exercise in early life might facilitate recovery from maternal infection-induced brain damage.
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![Effect of treadmill exercise on short-term memory in the step-down avoidance task. (A) Control group, (B) mild-intensity exercise group, (C) moderate-intensity exercise group, (D) maternal lipopolysaccharide (LPS)-exposed group, (E) maternal LPS-exposed and mild-intensity exercise group, (F) maternal LPS-exposed and moderate-intensity exercise group. The data are presented as the mean±standard error of the mean. ^†^*P*\<0.05 compared to the maternal LPS-exposed group.](jer-11-6-296f1){#f1-jer-11-6-296}

![Photomicrographs of 5-bromo-2′-deoxyuridine (BrdU)-positive cells. (A) BrdU-positive cells in the subgranular zone of the hippocampal dentate gyrus (black arrows). (B) BrdU-positive cells in the granular cell layer of the hippocampal dentate gyrus (black arrows). The scale bar represents 25 μm. GCL, granular cell layer.](jer-11-6-296f2){#f2-jer-11-6-296}

![Effect of treadmill exercise on cell proliferation in the subgranular zone of the hippocampal dentate gyrus. (A) Control group, (B) mild-intensity exercise group, (C) moderate-intensity exercise group, (D) maternal lipopolysaccharide (LPS)-exposed group, (E) maternal LPS-exposed and mild-intensity exercise group, (F) maternal LPS-exposed and moderate-intensity exercise group. Data are presented as the mean±standard error of the mean. \**P*\<0.05 compared to the control group. ^†^*P*\<0.05 compared to the maternal LPS-exposed group.](jer-11-6-296f3){#f3-jer-11-6-296}

![Effect of treadmill exercise on neurogenesis in the granular cell layer of the hippocampal dentate gyrus. (A) Control group, (B) mild-intensity exercise group, (C) moderate-intensity exercise group, (D) maternal lipopolysaccharide (LPS)-exposed group, (E) maternal LPS-exposed and mild-intensity exercise group, (F) maternal LPS-exposed and moderate-intensity exercise group. Data are presented as the mean±standard error of the mean. \**P*\<0.05 compared to the control group. ^†^*P*\<0.05 compared to the maternal LPS-exposed group.](jer-11-6-296f4){#f4-jer-11-6-296}

![Effect of treadmill exercise on brain-derived neurotrophic factor (BDNF) expression in the hippocampus. (A) Control group, (B) mild-intensity exercise group, (C) moderate-intensity exercise group, (D) maternal lipopolysaccharide (LPS)-exposed group, (E) maternal LPS-exposed and mild-intensity exercise group, (F) maternal LPS-exposed and moderate-intensity exercise group. The data are presented as the mean±standard error of the mean. \**P*\<0.05 compared to the control group. ^†^*P*\<0.05 compared to the maternal LPS-exposed group.](jer-11-6-296f5){#f5-jer-11-6-296}

![Effect of treadmill exercise on tyrosine kinase receptor B (TrkB) expression in the hippocampus. (A) Control group, (B) mild-intensity exercise group, (C) moderate-intensity exercise group, (D) maternal LPS-exposed group, (E) maternal LPS-exposed and mild-intensity exercise group, (F) maternal LPS-exposed and moderate-intensity exercise group. The data are presented as the mean±standard error of the mean. \**P*\<0.05 compared to the control group. ^†^*P*\<0.05 compared to the maternal LPS-exposed group.](jer-11-6-296f6){#f6-jer-11-6-296}
